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Abstract
The miniaturization of infrared gas sensors is largely hindered by expensive and bulky laser sources as well as
the use of optical filters. In this work, we propose a dual-band, directional thermal emitter based on compact
W-Si-Cu metasurfaces to address this issue. This metasurface emitter is designed to support two nondis-
persive magnetic polariton modes that exhibit distinct directional thermal emission profiles, thus enabling
dual-band detection without the need of optical filters. Specifically, we evaluate the feasibility of such dual-
band filterless detection by adapting the metasurface emitter to CO2 sensing. The model of sensing system
shows a selective relative sensitivity of CO2 which is 3.2 times higher than that using a blackbody emitter,
and a relative sensitivity of temperature of emitter about 1.32%/K.
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1. Introduction
Metasurfaces[1], a new class of metamaterials that
construct planar structures on surface, provide a non-
traditional approach to manipulate the light behavior
as well as the thermal radiation. For now, a plethora
of distinctive phenomena have been demonstrated,
such as multi-band[2], polarized[3, 4], directional[5,
6] and perfect emission[7, 8] that conventional ma-
terials do not have, which partly releases our depen-
dence on propagation effects and brings novel appli-
cations that greatly improve the performance of cur-
rent devices[9, 10, 11].
Recently, there has been a growing interest in
metasurface thermal emitter (MTE) for mid-infrared
gas sensing due to the disadvantages of conven-
tional light sources[12, 13]. Quantum cascade lasers
(QCL)[14] serve as the source in mid-IR spec-
troscopy because of their high-power and single-
mode features, which is often used for quantifying
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various molecular concentrations[15, 16]. However,
the widespread use of QCL is limited by the com-
plex and expensive fabrication even though QCL
show remarkable performance in mid-IR gas sens-
ing. On the other hand, the nondispersive infrared
(NDIR) configuration[17] uses low-cost broadband
light sources, like microbubbles[18], to implement
the sensing, which has a lengthy lifespan and com-
mercial advantages. Nevertheless, the broadband
sources generate radiation losses in unwanted bands
and have a serious heat leakage through conduction
and convection, leading to a waste of energy for
sensing system. Considering these problems, meta-
surfaces provide an advanced means to implement
the gas sensing as a result of the MTE. Based on
the microelectromechanical system (MEMS) tech-
nology, the MTE is compatible with standard CMOS
foundry processes[19], meaning that it can be manu-
factured with a chip-size package[20]. Besides, due
to the ability of manipulating thermal emission, the
MTE can show frequency-selective and narrow-band
spontaneous emission profiles that achieve the spec-
trally efficient detection better than the broadband
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light sources.
Nowadays, several researchers have improved
the infrared optical sensing by applying the de-
signed MTE whose thermal emission is selec-
tively enhanced according to the absorption band
of gas molecules[19, 21, 22]. The sensing systems
equipped with MTEs are compatible with low-cost
fabrication processes and also exhibit an increase in
sensitivity. However, when applying thermal emit-
ters, the temperature variation of emitter will lead
to a shift of peak emission and reduce the detection
accuracy. It is necessary to detect another light of
non-absorption band to sense the temperature vari-
ation, known as dual-band detection, which is usu-
ally realized by specific optical filters[23]. While
the use of filters enlarges the sensor and adds com-
plexity in package manufacturing and system design.
Besides, filters also cause inefficiency in terms of
power spectrum as a result of a high power con-
sumption in portable devices[24, 25, 26]. But if
the spontaneous emission wavelengths of the MTE
can be distinguished without filters, the dual-band
filterless detection can be achieved to further im-
prove the infrared optical sensor. Fortunately, the
metal/insulator/metal (MIM) structure may have the
potential to realize such distinctive functions because
of the magnetic polariton (MP) modes supported by
MIM structure. MPs show a strong, nondispersive
and frequency-selective resonance emission profile
[27] so that MIM structure is a good building block
for the application of the MTE in gas sensing even
though the excited surface plasmon polariton (SPP)
may bring irrelevant emission. Moreover, the or-
ders of MPs, like MP1 and MP2, are classified by
the number of the closed loop currents shown in the
resonance field profiles. Due to these loop currents,
different orders of MPs exhibit different directional
emission profiles[28, 29], which results in the spa-
tially coherent emission and makes it possible to dis-
tinguish the signals of different wavelengths without
filters by detecting them within different directions.
In this work, we propose a dual-band, directional
thermal emitter based on compact W-Si-Cu metasur-
faces to achieve filterless sensing. Aiming at detect-
ing CO2 concentration, two nondispersive MP modes
are located in the mid-infrared region with distinct
directional emission profiles. In detail, the designed
MIM metasurface emitter has a peak emissivity(0.9)
at 4.25 µm in the normal direction and another two
peaks(0.6, 0.9) at 2.4 µm and 4.25 µm in the inclined
direction, separately, which leads to the spatially de-
pendent emission. Furthermore, we also establish a
mode of CO2 sensing system to verify the feasibility
and optimize the detailed parameters.
2. Design of infrared emission spectrum
In this part, we show the method of tailoring the
emission spectrum of the MTE based on the MIM
structure. The structure of the MTE is illustrated in
Fig. 1(a). The middle spacing is separated by the
top patch array and the bottom substrate. Note that
P is the period of the 2D gratings; L and h are the
side and height of the top patches, separately; d is
the thickness of the spacing.
As for the materials, a high working temperature is
essential for thermal detection because mid-infrared
optical gas sensing needs a strong enough radiation
flux according to the Planck’s Law. The tungsten of
high melting and low thermal expansion coefficient,
which is used as the material of the top patches, en-
sures thermal emitter can avoid the structural damage
from high-temperature creep and the spectrum shift
from deformation. While, the material of the spacing
is chosen as silicon whose high refractive index helps
tune the resonance wavelengths. The material of the
substrate is copper which weakens the emission of
the near-infrared region (1µm-2µm), and copper is
also CMOS-compatible as same as tungsten. The de-
tailed reasons why we choose silicon and copper will
be further explained later.
2.1. The excitation of SPP and MP
The surface plasmon polariton (SPP) and the mag-
netic polariton (MP) are two main phenomena that
determine the emission spectrum of MIM metasur-
face emitter. Firstly, the SPP is caused by the cou-
pling of external electromagnetic waves and surface
plasmon on the interface. For the structure in this
work, the magnitude of the wavevector of the surface
plasmon can be expressed as[30]
∣∣∣Ksp∣∣∣ = ωc0
√
εmεd
εm + εd
(1)
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Figure 1: Optimized results. (a) The structure of the metasur-
face thermal emitter. (b) The convergence check of RCWA
at λ = 4.25µm. (c) The TM emission contour and (d) The
TE emission contour in terms of the frequency and the tangen-
tial component of the incident wavevector. The parameters of
MIM structure are L = 0.43µm, h = 0.08µm, d = 0.12µm, and
P = 1.05µm. The first two modes of MPs are located below
4600cm−1 and other emission caused by SPPs and higher or-
ders of MPs are located above 4600cm−1. (e) The actual emis-
sion spectrum at different θs. The emission has been averaged
over two polarizations(TM, TE).
where εd and εm are the dielectric functions of the
dielectric and metal, respectively. ω is the frequency
and c0 is the speed of light in vacuum. If the tan-
gential component of the diffracted waves matches
the wavevector of the surface plasmon on the Bloch-
Floquet condition, SPPs will be excited and induce a
localized field enhancement, which can be described
by the following equation.∣∣∣Ksp∣∣∣ = √(kx,inc + 2pimP )2 + (ky,inc + 2pinP )2 (2)
where kx,inc and ky,inc are the x and y tangential com-
ponents of the incident light, m and n represent the
diffracted orders along x and y directions, separately.
From this equation, it is known that SPPs have a
close relationship with the wavelength and angle of
the incident light. For a particular SPP resonance,
it only occurs in a relatively narrow range of an-
gles, which means detectors can not receive enough
light and the slight vibration will also bring an un-
desired error during the actual application. Besides,
when SPPs are excited, there are some possible val-
ues for m and n, meaning more diffraction orders
are excited[13]. The radiation energy of reflection
is increasing, resulting in a low absorption according
to the conservation of energy. So we should avoid
the excitation of SPPs in the interested infrared re-
gion. Applying a smaller P is able to shift SPPs to
the high-frequency region away from the resonance
wavelengths of MPs, which also depresses the re-
flection and enhances the absorption as well as the
emission of MPs. Otherwise, SPPs can also be ex-
cited between the spacing and the substrate. So we
choose copper, a kind of low-loss metal, as the sub-
strate to descend the emission in the near-infrared re-
gion (1µm-2µm), thus improving the detection sen-
sitivity.
On the other hand, based on the assumption
that the standing wave of plasmons trapped be-
low the metal patch results in the localized field
enhancement, the resonance wavelength of MP1
can be approximately described by the following
equation[31].
λMP1 = 2ndL(1 +
2c
ωpd
)1/2 (3)
where nd is the refractive index of silicon, ωp is the
plasma frequency of tungsten, d is the thickness of
the spacing. Even if the accuracy of this equation is
lower than the LC circuit model[32], this equation
clearly points out the influence of geometry and ma-
terial on MP1 resonance wavelength and helps ad-
just the parameters of MIM structure conveniently.
We can shift the resonance wavelength of MP1 to the
infrared region by enlarging the side of patches, us-
ing the materials of high refractive index as the spac-
ing or descending the thickness d. Considering that
the resonance wavelength of MP2 is about half of
the MP1’s, the emission spectrum can be designed
as follows: we situate λMP1 in the region of 4µm to
3
Figure 2: The y component of TM magnetic field contours cal-
culated by RCWA, which are drawn at υ1/0◦(a) and υ2/30◦(b),
separately. The electric field directions are indicated by the
white vectors.
4.5µm where some gas molecules, such as CO2 and
SO2, have characteristic absorption band, then λMP2
will naturally be in the region of 2µm-2.5µm that is
located in the atmospheric window.
2.2. Tailored emission spectrum
In order to investigate the detailed mecha-
nism, a rigorous coupled-wave analysis (RCWA)
algorithm[33, 34] is used for obtaining the direc-
tional spectral emissivity and field profile at any
given frequency and incidence. The numerical ac-
curacy of RCWA is roughly proportional to the or-
ders of truncation to Fourier expansion. But a higher
order will cost amounts of computation and opera-
tion time, hindering the optimization to the emission
spectrum. We conduct a convergence check at a large
wavelength of 4.25µm whose more negative permit-
tivity can easily trigger the Gibbs phenomena as a re-
sult of slow convergence speed. The convergence of
our MIM structure is shown in Fig. 1(b). We choose
13 as the calculation truncation because the emissiv-
ity barely changes compared to the previous values.
The calculated reflection obeys R + A = 1 where A
represents the directional spectral absorption on the
condition that the substrate is opaque. According to
the Kirchhoff’s law, the directional spectral absorp-
tion is considered to be the same as the emission in
the following article.
After engineering the MIM structure, the meta-
surface unit cell dimensions have been optimized
around a wide range of angles. Fig. 1(c) shows
the optimized TM emission contour in terms of fre-
quency and the tangential component of the inci-
dent wavevector. We realize two strong nondis-
persive emission modes at υ1 = 2350cm−1 and
υ2 = 4167cm−1, which are located in the absorp-
tion band of CO2 and the atmosphere window, sepa-
rately. While other enhanced emission due to SPPs
or higher orders of MPs are placed above 4600cm−1
which account for a small percentage of total radia-
tion energy. The y component of TM magnetic field
profiles of MPs are drawn in Fig. 2 where the elec-
tric field directions are also drawn. The MP1 res-
onance located at υ1 is caused by one closed loop
current between the top patch and the substrate, and
a strong magnetic enhancement occurs in the silicon
spacing. While the MP2 resonance located at υ2 is
caused by two closed loop currents with opposite ro-
tation directions and the formed magnetic fields are
also in opposite directions. When resonances take
place, the average magnetic momentum[35] repre-
sents the strength of MPs. So, even-order MP mode,
like MP2, induces enhanced magnetic field of oppo-
site directions and the average value of magnetic mo-
mentum is close to zero at θ = 0◦, which makes the
even-order MP mode only have a high emissivity in
an inclined direction. Conversely, because there is
only one enhanced magnetic field for MP1, it always
shows a high emissivity over a wide range of angles.
For the TE incident waves, MP2 disappears and
only MP1 keeps a high emissivity at υ1. From the
analysis of field contour, it is concluded that the field
enhancement is caused by the formed loop currents
which are mostly determined by the inclination of the
electric field. However, for the TE incident waves,
the directions of the electric field are always parallel
to the surface. So, there is only the MP1 mode oc-
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curring as Fig. 1(d) shown. Finally, after considering
two degrees of polarization freedom, we calculate
the weighted average emission spectrum under TM
and TE whose weights are both 0.5 in Fig. 1(e) where
the MP1 keeps a relatively invariable high emissiv-
ity (about 0.9) from 0◦ to 60◦ but the MP2 gradually
rises to a peak (0.6) at 60◦.
Figure 3: The TM emission as a function of the thickness and
the period at (a) Mode A (υ1/0◦) and (b) Mode B(υ2/30◦). The
side of the patch is 0.43µm. (c) The field contour of Mode A at
P = 0.6µm and d = 0.1µm. (d) The field contour of Mode B at
P = 0.6µm and d = 0.2µm.
Note that there are amounts of overlap of emis-
sion spectrum above 3µm when θ is below 60◦ in
Fig. 1(e), which is caused by the nondispersive fea-
ture of MPs. And because the emission of high-
frequency region (below 2.2µm) is very weak, the
difference between the spectrums of two different
θs represents the emission strength around 2.4µm
which is located in the atmospheric window. But this
method is only effective when θ is relatively small
because the amount of overlap is descending as θ in-
creases. θ = 0◦ and θ = 30◦ are two proper choices
for this method.
2.3. Discussion about emission strength
In this part, we want to have a discussion about
emission strength of the MTE that also affects the
performance of sensing system. Considering that we
aim at achieving the dual-band CO2 sensing, Mode
A (at υ1 with θ = 0◦) and Mode B (at υ2 with
θ = 30◦) are the two modes we pay attention to
and we hope they are both MP modes with a high
emissivity. From the Eq. 3, the size of the top patch
greatly determines the resonance wavelength so we
set L = 0.43µm to mostly avoid the shift of MP
resonance wavelength. Besides, although the spac-
ing thickness has a relatively weak impact on wave-
length, the scale of spacing limits the magnetic field
and possibly relates to the emission strength. And
the period, which is not considered in the Eq. 3 be-
fore, is also a possible parameter in the discussion.
So, Fig. 3(a) and Fig. 3(b) show the emission con-
tour as a function of the spacing thickness d and of
the period P at Mode A and Mode B, separately.
As Fig. 3 shown, the emissivity of Mode A gradu-
ally drops as P decreases and d increases while Mode
B has a high emissivity in the middle region and ex-
hibits several branches as d increases. For the re-
gion of smaller P, the emissivities of Mode A and
Mode B are both low and we draw the field profiles
in Fig. 3(c) and Fig. 3(d), which show there are still
one or two closed loop currents but the field magni-
tude is smaller than that of the engineered structure
shown in Fig. 2. As the mentioned before, a smaller
period reduces the reflection and only allows SPPs
occurring in the high-frequency region, which effec-
tively protects MPs over all directions. However, if
the period P is too small to approach the side L of
the top patch, the strength of resonance is slowly de-
scending because of the interaction between nearby
patches. So the spacing of high refractive index is
necessary for moving multiple MP modes to the in-
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frared region, which can not be achieved by just ar-
ranging the geometry. The silicon, a kind of mate-
rials with high refractive index, is a good choice for
the spacing.
On the other hand, the MP is a kind of gap plas-
mon mode where d has a close relationship with the
localization of field. Too thin spacing has no enough
room to support the gap plasmon mode while too
thick spacing weakens the localization of MPs as a
result of a low emissivity. Even when d increases,
the MP2 turns into the SPP because the thick spac-
ing impairs the formation of the closed loop currents
as Fig. 3(d) shown. Not only does the strength of the
magnetic field decrease but also the position of the
field enhancement is shifted. From Fig. 3(b), the re-
gion of around 1.5µm which shows a high emissivity
of MP2 is proper for our design.
It is worth mentioning that the strength trends of
these two modes are asynchronous. We can not reach
the strongest emission of Mode A and Mode B at
the same time. So, to look for an optimized emis-
sion spectrum, there is a trade-off between these two
modes. As for our thermal gas sensing, a too high
working temperature is detrimental to economics and
stability even though it enhances the radiation flux.
We choose 700K as the working temperature where
the peak of blackbody radiation is close to the reso-
nance wavelength of Mode A. The Mode A is pow-
erful enough for detection so we set the d = 0.12µm
and P = 1.05µm to enhance Mode B and improve
the temperature sensitivity of the following sensing
system design.
3. The model of gas sensing system
To completely realize CO2 sensing, we establish a
model based on the MTE to simulate the processing
of detection. We want to discuss the feasibility of
dual-band filterless method, hoping to keep enough
sensitivity to the concentration of gas and the tem-
perature of emitter during the detection.
3.1. Components of sensing system
The gas sensing system draft is drawn in Fig. 4(a)
composed of the MTE, two identical detectors, and
an intermediate gas cavity. The emitter of 0.5mm ×
0.5mm active area is horizontally placed, whose tem-
perature can reach to 700K heated by the inside
heater. We use the PbSe photoconductive detec-
tor because it keeps a high sensitivity ranging from
1.5µm to 4.5µm covering the resonance wavelengths
of MP1 and MP2. Two detectors are placed at differ-
ent locations where the A detector is right below and
the B detector is diagonally below the MTE with the
angle ΩB = 60◦. The active area of two detectors are
both 1mm × 1mm. And the two detectors have the
same distance of 6.3mm with the MTE at the same
time they both orientate to the MTE so as to receive
more radiation energy. The case where two detectors
are parallel is also discussed in Appendix B.
The simulated gas mixture filled in the cavity con-
sists of nitrogen, carbon dioxide, and water vapor.
The volume fraction of CO2 ranges from 0ppm to
50000ppm and relative humidity also ranges from
0% to 100% at room temperature 20◦C. Fig. 4(b)
shows the gas absorption coefficient retrieved from
Hitran[36]. The characteristic absorption band of
carbon dioxide is around 4.25µm with about 200nm
width while the absorption in the region of 2.5µm to
2.8µm and 5µm to 6µm is caused by the water vapor.
The designed emission spectrum has a strong emis-
sion at 2350cm−1 (4.25µm) and 4167cm−1 (2.4µm),
which successfully realizes the dual-band detection
of carbon dioxide and avoids the interference of wa-
ter vapor.
When the MTE is heated to 700K where the peak
of blackbody radiation flux is located at 4.14µm, the
emitted energy flux can be obtained by the product of
the calculated directional emissivity and the black-
body radiation. As the light goes through the inter-
mediate gas cavity, the attenuation will occur over a
specific wavelength range, which can be described
by the Beer-Lambert Law.
Iλ = I0λexp(−αλr) (4)
where I0λ is the initial spectral intensity and Iλ is the
attenuated spectral intensity which goes though a dis-
tance r with absorption coefficient αλ. However, be-
cause the MTE also heats surrounding environment,
αλ will change as the temperature distribution of the
gas cavity. Here we use the gas absorption coefficient
at 354K for calculation. The specific reason will be
described in Appendix C.
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Figure 4: (a) The MTE gas sensing system. The polar curve shows the emissivity at 4.25µm and 2.4µm, separately. The distance
between each detector and the MTE is 6.3mm. The positions of detectors are determined by the angles(ΩA and ΩB). (b) The
spectrum emitted from the MTE towards the surfaces of detectors with the absorption coefficient of gas mixture (H2O, N2, CO2)
where CCO2 = 500ppm, RH = 50%, T = 20
◦C and P = 1013hPa.
3.2. The sensitivity of sensing system
We establish the theoretical model of CO2 sens-
ing system. Fig. 4(b) shows the spectrum emitted
from the MTE towards the surfaces of detectors.
Even though each detector occupies a range of an-
gles, there are still amounts of overlap except for the
region of around 2.4µm. Then because of the same
distance between each detector and the MTE, the dif-
ference ES between the received energy of two detec-
tors (EA and EB) represents the intensity of reference
signal (around 2.4µm) in the atmospheric window
and we can use the ES to probe the temperature of
the MTE as a correction to the detection. And the
A detector mainly captures the active signal (around
4.25µm) which means the EA can be used to probe
the variation of CO2 concentration.
Based on the calculation results, we obtain the re-
spective incident energy of two detectors in differ-
ent gas environments and different temperatures of
the MTE (Te). For evaluating the sensitivity to Te,
we firstly set the total nitrogen gas as the standard
state (subscript S) and define ED,S is the differen-
tial energy that equals the subtraction of received en-
ergy of the A and B detectors at the standard state (
EA,S and EB,S). The results of the standard state are
measured in advance during the actual measurement.
Next, the normalized differential energy difference
(NDED) will represent the variation of Te.
NDED = (ED,Te − ED,S,700K)/ED,S,700K (5)
where ED,Te = EA,Te−EB,Te and ED,S,700K = EA,S,700K−
EB,S,700K. The NDED in terms of Te is drawn in
Fig. 5(a) with CO2 concentration ranging from 0ppm
to 50000ppm and it is shown that the gas concen-
tration hardly affects the one-to-one correspondence
between the NDED and Te. On the other hand, EA,Te
has a close relationship with the Te and we can not
directly use EA,Te to reverse actual CO2 concentra-
tion. So another parameter, the normalized energy
difference of the A detector (NEDA), is defined by
NEDA = (EA,Te − EA,S,Te)/EA,S,Te (6)
The NEDA increases as CO2 concentration rises but
it is also affected by the Te due to the change of radia-
tion flux as Fig. 5(b) shown. During the actual detec-
tion, the working temperature of the MTE is firstly
obtained by consulting NDED. Then the NEDA re-
lationship at this temperature tells the exact CO2 con-
centration. Furthermore, the relative sensitivities of
NDED and NEDA are calculated at Te = 700K and
CCO2 = 0ppm.
S NDED =
d NDED
d Te
|Te=700K,CCO2 =0ppm (7)
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Figure 5: The sensitivity of the MTE sensing system. (a) NDED represents the Te variation. (b) NEDA represents theCCO2 variation
at different Te. The NEDA of 700K blackbody emitter is also drawn in the intrusive figure. (c) and (d) show the cross analysis of
relative humidity in the environment(CCO2 = 20000ppm, T = 20
◦C and P = 1013hPa).
S NEDA =
d NEDA
d CCO2
|Te=700K,CCO2 =0ppm (8)
As a comparison, we also use a perfect black-
body source (BB) as another emitter to imple-
ment the same sensing system. Because of
the diffuse radiation, Te can not be obtained by
BB emitter system while the MTE system shows
S NDED,MTE = 1.32%/K. For the sensitivity of NEDA,
S NEDA,MTE = 1.63×10−4%/ppm is 3.2 times as much
as S NEDA,BB = 0.51 × 10−4%/ppm. Comparing with
other researches that realize a higher sensitivity of
CO2 that is 4-5 times as much as BB emitter[21, 22],
our sensitivity is not very high because we have to
consider the measurement of Te and the filterless
sensing method also reduces the sensitivity. On the
other hand, water vapor has a considerable absorp-
tion in the atmosphere. To test the system selectiv-
ity for carbon dioxide detection, a cross analysis of
water vapor is conducted in Fig. 5(c) and Fig. 5(d)
which show the interference from water vapor is very
weak in a large humidity range.
4. Conclusion
In summary, we design a dual-band filterless gas
sensing system based on a directional W-Si-Cu meta-
surface thermal emitter (MTE) which supports two
strong magnetic polariton (MP) modes. This study
elucidates the mechanism of MPs and SPPs in MIM
structure and the method of designing a proper emis-
sion spectrum for infrared dual-band filterless detec-
tion. Specifically, the model of sensing system based
on such MTE is designed to simultaneously detect
CO2 concentration and the temperature of thermal
emitter so as to sense the aging degree of light source
and correct the results. This sensing system shows
a 3.2-time relative sensitivity of CO2 concentration
when compared to the conventional blackbody emit-
ter and a relative sensitivity of 1.32%/K for the tem-
perature of the MTE. This novel method of gas sens-
ing greatly improves the integration and guarantees
stability and accuracy at the same time, which po-
tentially paves the way to the miniaturization and
widespread use of infrared optical sensors.
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Figure 6: The sensitivity of sensing system using a dual-channel detector. (a) The MTE gas sensing system using a dual-channel
detector. The length of dash line is 6.3mm. The interval distance s is 1.6mm. And the inclined angle θcenter equals 70◦. (b) NDED
represents the Te variation. (c) NEDA represents the CCO2 variation at different Te. (d) and (e) show the cross analysis of relative
humidity in the environment(CCO2 = 20000ppm, T = 20
◦C and P = 1013hPa).
Appendix A. Signal to noise ratio
The signal to noise ratio(SNR) is an important
indicator of actual detection processing. The ther-
mal radiation source is convenient, low-cost and easy
to be integrated into an electronic system[37] but
its weak power density brings measurement prob-
lems compared with a laser source. Without filters,
the broad spectrum radiation increases the incident
power but also means more noises may be generated
in the detector. We can evaluate the SNR through
the results of the theoretical model and the techni-
cal sheet of the detector (FDPSE2X2-PbSe photo-
conductive detectors, Thorlabs).
SNR =
PD∗√
∆ f A
(A.1)
where P is the incident power whose unit is watt,
D∗ is the specific detectivity, ∆ f is the detection
bandwidth and A is the active area of the detector.
PbSe photoconductive detector has a high specific
detectivity from 1.5µm to 4.8µm but declines rapidly
above 4.8µm, which covers the absorption band for
CO2 dual-band detection and reduces the noise from
other irrelevant bands. To improve SNR, a lock-in
amplifier is planned to be used to deal with this sens-
ing system whose SNR is about -18dB.
Appendix B. Dual-channel detector
The dual-channel detector that is already commer-
cially produced on the market can meet our require-
ments of two identical detectors. We also simulate
the detection with filterless dual-channel detectors by
changing our model. The MTE sensing system us-
ing a dual-channel detector is roughly illustrated in
Fig. 6(a). The interval distance between two detec-
tors is set as 1.6mm and the inclined angle θcenter is
set as 70◦. As Fig. 6 shown, the results of NDED,
NEDA and cross analysis are similar to those using
separate detectors, which proves this kind of layout
hardly affects the sensitivity. While, because two de-
tectors are placed in parallel, the incident power of
each one is dropped by 5-6% compared with the two
separate detectors both facing the emitter, resulting
in a little bigger NEDA in the cross analysis. On
the other hand, the SNR is slightly reduced due to
the lower incident power but it is acceptable for the
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whole system. The existing filterless dual-channel
detector is well adapted to our detection system.
Appendix C. The temperature distribution of
gas cavity
The high working temperature of the MTE heats
the surrounding environment including the gas cav-
ity and the detectors, which may cause errors in the
model. In detail, the absorption coefficient of the gas
mixture will decrease because of heat expansion, re-
sulting in a low sensitivity. And detectors are unable
to keep their detectivity when working temperature
exceeds the limitation. Estimating the effect of the
temperature in this sensing system is necessary to
correct errors and optimize the whole design.
Figure C.7: (a) The transient temperature distributions from the
MTE to the A detector at the frequency of 1Hz. During the
occupation period(Te=700K), the curves quickly reach stability
and the detector is still at room temperature. (b) The average
temperature of the gas cavity from the MTE to the A detec-
tor. The gas absorption coefficient is in the environment where
CCO2 = 500ppm, RH = 50%, T = 20
◦C and P = 1013hPa.
We establish a 2D model to investigate inter-
nal temperature distribution by the finite element
method. The sensing system is enclosed by a room-
temperature thermostatic sidewall and it is filled with
the gas mixture that is initially at the same tempera-
ture 20◦ as the detectors. The gas mixture is of con-
stant pressure at 1 atm. The previous study[38] ex-
perimentally proves the emitter of such size can be
cooled to room temperature in 20ms. So we use a
periodic, trapezoidal function to simulate the tem-
perature variation of the MTE during the detection
process and guarantee that the cost time of the cool-
ing stage exceeds 20ms regardless of any frequency.
We only take conduction and convection into con-
sideration because the heat transfer quantity caused
by radiation is negligible in this simulation. Natural
convection plays an important role in such narrow
space and there will be a rising airflow continuously
heating the gas above. So laying the MTE on the
top is able to avoid the negative influence of natural
convection effectively. Fig. C.7(a) shows the verti-
cal temperature distributions from the MTE to the A
detector at the frequency of 1Hz. The temperature
decreases rapidly within the first 3mm, then the rate
of decline becomes slowing so that the temperature
of the A detector is close to room temperature, which
means such layout ensures detectors work in a nor-
mal environment. Besides, the influences of working
frequency are also discussed in Appendix D. On
the other hand, we need to simplify our sensing sys-
tem model based on the gradient temperature distri-
bution. So, an average absorption coefficient is ob-
tained by rewriting Beer-Lambert Law.
ln(I/I0) =
∫ L
0
−αdr = −αavgL (C.1)
The average temperature of the gas mixture is 354K
according to Fig. C.7(b) and this value has been used
as the characteristic parameter of the gas mixture in
the sensing system model.
Appendix D. The influence of working frequency
The internal temperature distribution of the sens-
ing system is mostly determined by the magnitude
and working frequency of the temperature variation
of the MTE (Te). Here, we show the average tem-
perature of the MTE of eight time points during the
occupation period at different working frequencies in
Fig. D.8. A lower frequency makes the internal tem-
perature distribution easier to convergence. While a
higher frequency causes a little disturbance and costs
more time to be steady. However, the maximum error
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caused by different frequencies is below 3%, which
proves the results of the sensing model are applica-
ble for a relatively wide frequency range. It is worth
mentioning that we analyze the effect of frequency
on temperature distribution conservatively because
a higher working frequency is limited by many fac-
tors such as the system layout, the cooling measures
and the response rate of heater although a higher fre-
quency can significantly speed up the detection.
Figure D.8: The average temperature of gas cavity during the
occupation period at different working frequencies of Te.
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